THE interventricular septum may, because of its location, participate in the function of both the right and left ventricle. Most of the available information on the function of the interventricular septum has been obtained in loading studies on the isolated heart preparation (Laka et aL 1967; Bemis et al., 1974) . By separately loading one ventricle, compliance and pump function of the opposite unloaded ventricle are altered (Taylor et al., 1967; Elzinga et al., 1974; Grossman et al., 1974) . In recent years, echocardiographic studies in animals and man have revealed changes in the position of the interventricular septum relative to the right and left ventricular walls during volume and pressure loading (Popp et al., 1969; Kerber et al., 1973; Hagan et al., 1974; Pearlman et al., 1976) . However, none of these techniques provide information about the muscle fiber function of the interventricular septum during blood volume expansion and pressure loading of each ventricle separately. In the present study on anesthetized open-chest dogs, pairs of ultrasonic crystals were implanted in the interventricular septum and in the free walls of the right and left ventricle to measure cyclic changes in myocardial dimension. Each pair of crystals was placed along the direction of contraction so that the distance between the crystals, myocardial chord length (MCL), was longest at the end of diastole. The main purpose of this study was to determine whether the interventricular septum dynamically behaves as a part of the left or right ventricle.
THE interventricular septum may, because of its location, participate in the function of both the right and left ventricle. Most of the available information on the function of the interventricular septum has been obtained in loading studies on the isolated heart preparation (Laka et aL 1967; Bemis et al., 1974) . By separately loading one ventricle, compliance and pump function of the opposite unloaded ventricle are altered (Taylor et al., 1967; Elzinga et al., 1974; Grossman et al., 1974) . In recent years, echocardiographic studies in animals and man have revealed changes in the position of the interventricular septum relative to the right and left ventricular walls during volume and pressure loading (Popp et al., 1969; Kerber et al., 1973; Hagan et al., 1974; Pearlman et al., 1976) . However, none of these techniques provide information about the muscle fiber function of the interventricular septum during blood volume expansion and pressure loading of each ventricle separately.
In the present study on anesthetized open-chest dogs, pairs of ultrasonic crystals were implanted in the interventricular septum and in the free walls of the right and left ventricle to measure cyclic changes in myocardial dimension. Each pair of crystals was placed along the direction of contraction so that the distance between the crystals, myocardial chord length (MCL), was longest at the end of diastole. The main purpose of this study was to determine whether the interventricular septum dynamically behaves as a part of the left or right ventricle.
We first examined whether the interventricular septum also participates in the responses to blood volume expansion and pericardiotomy, as previously shown for the left and right ventricle (Stokland et al., 1980) . Second, we examined the effects on the interventricular septum of pressure loading of each ventricle separately.
During aortic constriction, end-diastolic MCL of the free wall of the left ventricle rises (Bugge-Asperheim and Kiil, 1973; Ilebekk et aL, 1976) . Septal end-diastolic MCL therefore would be expected to rise if the interventricular septum behaved as a part of the left ventricle. On the other hand, a reduction in cardiac output and venous return would reduce end-diastolic MCL of the right ventricle. Septal end-diastolic MCL therefore might fall if the inter-ventricular septum behaved as a part of the right ventricle.
Constriction of the pulmonary artery would distend the right ventricle (pressure overload) and might for this reason increase end-diastolic MCL, both in the free wall of the right ventricle and in the interventricular septum. On the other hand, reduced input to the left ventricle would lead to a reduction in end-diastolic MCL and systolic myocardial shortening (MS) of the free wall of the left ventricle with reduced activation of the Frank-Starling mechanism and diminished left ventricular output (Debekk et al., 1978) . Hence, if the interventricular septum behaved as a part of the left ventricle, septal end-diastolic MCL would fall during constriction of the pulmonary artery.
The right and left ventricles may be functionally interrelated, not only because of the common interventricular septum but also because they are encased by the pericardium. Several studies have demonstrated a restraint of the pericardium on dilation of the right and left ventricle (Berglund et al., 1955; Glantz et al, 1978; Shirato et al, 1978; Stokland et al, 1980) . With the pericardium closed, loading of one ventricle may be expected to alter compliance and pump function of the other ventricle more than when the pericardium is split. The interventricular septum which is not in direct contact with the pericardium might therefore exhibit different contractions patterns, depending on whether the pericardium is open or closed. This possibility was examined by comparing the response to right or left pressure loading when the pericardium was intact or re-sutured and when the pericardium was open.
Methods

Animal Preparation
Six healthy mongrel dogs of either sex, weighing 12-18 kg were anesthetized with sodium pentobarbital, 25 mg/kg, iv, and given supplementary doses of 50 mg as required. Ventilation was performed through a cuffed endotracheal tube by a positive pressure respirator (Cyclator Mk II, British Oxygen Co.). Throughout the experiments pH, Pco 2 and P02 were analyzed in arterial blood, and appropriate measures were taken to secure normal values. The heart was exposed through a bilateral thoractomy in the 5th intercostal space with transsection of the sternum.
Hemodynamic and Dimensional Measurements
Left ventricular pressure (LVP) was measured through a polyethylene catheter advanced from a carotid artery to the left ventricle and connected to a Statham pressure transducer (P23Gb). The first derivative, dP/dt, of LVP was recorded continuously with a differentiating circuit connected to the pressure channel. The right ventricular pressure (RVP) was measured by a Statham P23Db transducer connected to a catheter advanced from a jugular vein into the right ventricle.
Instantaneous changes in MCL of the free walls of the right and left ventricle, and of the interventricular septum, were recorded by an ultrasound technique as described by Bugge-Asperheim et al. (1969) . Pairs of piezoelectric crystals (lead zirconate tdtanate, 0.5 X 1 X 3 mm) were molded in epoxy resin and connected to thin, flexible, insulated copper leads. They were sewn into a mid-layer position in the anterior free wall of the right and the left ventricle, 8-17 mm apart, and oriented to transmit ultrasound in the direction of the predominating fibers of the respective areas. In the right free wall, the first part of the outflow tract was chosen, and in the left free wall, the area between the first and second main branches from the left anterior descending coronary artery. During continuous visualization on an oscilloscope, adjustments were made to obtain a correct signal between the transmitter and the receiver crystal. A correct signal is characterized by a constant amplitude through the cardiac cycle, and artifacts due to twisting of the elements appear as variations in the amplitude. In three of the dogs, the crystals were sewn into the ventricular walls through the intact percardium, which was only perforated by the needles used to thread the insulated copper leads. In the other three dogs, the pericardium was opened before insertion of the crystals, and later closed by interrupted sutures.
To record MCL in the interventricular septum, ultrasound crystals were molded in epoxy resin to the shape of a sharp arrowhead. A 2-to 3-mm slit was made in the pericardium over the right ventricle. Through a small incision in the right ventricular wall, a metallic cannula (id-2.5 mm) was introduced into the cavity of the right ventricle and advanced until contact with the interventricular septum, recognized by cessation of bleeding through the cannula. The arrow-shaped ultrasound crystal was inserted into the septal myocardium through this cannula, which was then withdrawn. The second crystal was inserted 14-22 mm away in the longitudinal axis of the heart through a new incision in the ventricular wall Before the metallic cannula was withdrawn, minor adjustments were made in the position of the crystals until an optimal ultrasonic signal was obtained.
In one supplementary experiment, two pairs of ultrasound crystals were implanted in the interventricular septum after pericardiotomy. Registrations of MCL were made in both the longitudinal and the transverse axes at different ventricular volumes achieved by blood volume expansion (saline infusion) and reductions in venous return (constriction of the inferior vena cava).
A Sanborn multichannel oscillograph was used for the continuous recording of MCL of the right and left free walls and of the interventricular septum, together with the right and left ventricular pressures.
Experimental Procedures
In six dogs, the descending thoracic aorta and pulmonary artery were constricted before and after pericardiotomy in random order. In three of these dogs, the pericardium was first left intact during aortic and pulmonary artery constrictions. The right systolic ventricular pressure was raised by compressing the trunk of the pulmonary artery. After completion of these experiments, the blood volume was expanded with saline infusion until a moderate elevation of end-diastolic pressure and dilation of both ventricles occurred. Under steady state conditions, the pericardium was quickly opened and the effects of pericardiotomy examined. After the return of end-diastolic pressure to preexpansion values, constrictions of the aorta and pulmonary artery were repeated. With the pericardium open, the pulmonary artery was constricted by a silicone rubber snare placed around the pulmonary trunk. The aorta was constricted by a silicone rubber snare both before and after opening the pericardium.
In the three other dogs, the procedure was reversed so that the effects of aortic and pulmonary artery constriction were examined first with the pericardium open. The pericardium then was carefully closed with nonrestrictive adapting sutures, and aortic and pulmonary artery constrictions were repeated. The effect of saline infusion was examined before the pericardium was finally reopened.
In one of the dogs, electrocardiograms showed nodal rhythm after insertion of the septal crystals, but after a few minutes stable sinus rhythm was resumed. Another dog had transient right bundle branch block following septal crystal implantation, but normal QRS complexes were rapidly re-established. In three dogs, the MCL recordings showed artifacts at one of the three recording sites either during pulmonary artery constriction or during aortic constriction. These data therefore are not based on the same number of recordings at all three recording sites. Postmortem examination verified that the ultrasound crystals were positioned in the mid-layer of the free walls of the right and left ventricle, and the interventricular septum.
Statistics
The data are expressed as mean ± SEM. With separate controls for each intervention, Wilcoxon's test for paired data was used to calculate probability values (P) (Snedecor and Cochran, 1967) . A value of P < 0.05 was regarded as statistically significant.
In addition, Friedman's test was used to examine the rank order of the changes in end-diastolic MCL at the three sites of measurement. Similar sums of ranks are indicative of uniform behavior and can be evaluated by x 2 statistics (Noether, 1976) .
Results
Effects of Blood Volume Expansion
Saline was infused until end-diastolic pressures in the right and left ventricle exceeded 10 mm Hg. End-diastolic MCL increased uniformly in the interventricular septum and the free walls of the ventricles. On average, end-diastolic MCL of the interventricular septum increased by 3.5 ± 0.7%. This is not significantly different from the increments in MCL of the free walls of the right and left ventricle averaging 3.2 ± 1.0 and 4.0 ± 1.0%, respectively. In Friedman's test, the rank sums were similar for all three sites of measurement. These responses were obtained whether the expansion was performed with intact pericardium or with closed pericardium with nonrestrictive, adapting sutures. Therefore all data are pooled in Table 1 , which summarizes in its upper part of the hemodynamic effects of blood volume expansion in six doga. Results of a representative experiment are shown in Figure 1 .
The increments in end-diastolic MCL of the interventricular septum and the left ventricle were associated with significant increments in MS, defined as the reduction in MCL during the ejection period. In the interventricular septum MS averaged 6.6% of the end-diastolic MCL before blood volume expansion and 8.2% after blood volume expansion. In the free wall of the left ventricle, MS increased during blood volume expansion from 8.8% to 10.4% of the end-diastolic MCL. Thus, there was not only an absolute but also a fractional increase in MS during blood volume expansion. In the right ventricle, the numerical rise in MS was similar but not statistically significant, because one registration had to be discarded for technical reasons and another showed no change in MS. Systolic pressure increased in both ventricles during blood volume expansion (Table 1) .
In the six dogs, all recordings of MCL in the interventricular septum were made along the longitudinal axis. In an additional experiment, two pairs of ultrasonic crystals were inserted, permitting simultaneous recordings of MCL along the longitudinal and transverse axes of the interventricular septum.
Ventricular filling was varied over a wide range by blood volume expansion and constriction of the inferior vena cava. A high correlation between the changes in end-diastolic MCL was obtained (r = 0.95) (Fig. 2) .
The regression equation is y = 1.17x -1.63, where y is transverse and x is longitudinal MCL. In this particular experiment, the changes in end-diastolic MCL were slightly but significantly more pronounced along the transverse than along the longitudinal axis.
Effects of Pericardiotomy
The effects of opening the pericardium without further blood volume expansion are summarized in the lower part of Table 1 . Tracings from a representative experiment are shown in the right panel of Figure 1 . Pericardiotomy resulted in no significant reduction in end-diastolic LVP but a significant reduction of about 2 mm Hg in end-diastolic RVP. Despite reduced or unaltered end-diastolic pressure, end-diastolic MCL of the free walls of the right and left ventricle increased by averages of 10.7 ± 6.2% and 5.7 ± 1,7%, respectively. The increase in septal end-diastolic MCL averaged 3.4 ± 0.7%. Although numerically less, this increase was not significantly different from the increase in end-dia- stolic MCL of the free left ventricular wall. In Friedman's test, the rank sums were equal for the three sites of measurement.
As during blood volume expansion, there was a significant increase in MS of the interventricular septum and the free left ventricular wall, and the fraction MS/end-diastolic MCL also increased.
Effects of Aortic Constriction
In all experiments, end-diastolic MCL of the interventricular septum and the free wall of the left ventricle increased, whereas the end-diastolic MCL of the free wall of the right ventricle either remained constant or fell. Figure 3 shows tracings from one experiment in which the descending thoracic aorta was constricted with the pericardium intact. In all experiments, the systolic LVP was raised by about 60 mm Hg both before and after pericardiotomy. Despite a smaller end-diastolic MCL when the pericardium was closed, end-diastolic LVP was larger both before and during aortic constriction than in the experiments performed with a split pericardium. The increments in end-diastolic MCL and LVP induced by aortic constriction were not different in experiments with or without pericardium. Table 2 summarizes hemodynamic data of all experiments whether performed with open or closed pericardium. End-diastolic MCL fell by 1.2 ± 0.5% in the free wall of the right ventricle, and rose by 2.7 ± 0.6% in the free wall of the left ventricle and by 2.5 ± 0.9% in the interventricular septum. Friedman's test showed that the response of the right ventricle differed significantly from those of the interventricular septum and free wall of the left ventricle. The increments in end-diastolic MCL in the interventricular septum and in the free wall of the left ventricle were not significantly different according to Wilcoxon's test.
In Figure 4 , the effects of aortic constriction with open and closed pericardium are compared. Since for technical reasons the distance between the ultrasonic crystals was longer in the interventricular septum than in the free walls (Table 2) , the individual MCL's were normalized to 10.00 mm in the control state with closed pericardium at an enddiastolic LVP of 6.0 ± 0.6 mm Hg. Similar effects of aortic constriction at open and closed pericardium indicate that the pericardium did not exert any restraining effect, although control MCL was larger when the pericardium was open.
Effects of Pulmonary Artery Constriction
In all experiments, end-diastolic MCL of the free wall of the right ventricle increased, whereas the end-diastolic MCL of the interventricular septum and left ventricle fell. Figure 5 shows tracings from one experiment in which the pulmonary artery was constricted with a snare after pericardiotomy. Data are mean ± SEM of experiment* in five dogs. Abbreviations as in Table 1. sure averaging 5.0 ±1.1 mm Hg. Compression of the pulmonary artery, with the pericardium intact or closed, increased systolic RVP by 6.2 ± 1.8 mm Hg, whereas constriction with a snare applied around the pulmonary artery after pericardiotomy raised systolic RVP by 14.8 ± 5.6 mm Hg.
The increase in end-diastolic MCL of the free wall of the right ventricle was proportional to the increase in systolic RVP and averaged 1.4 ± 0.4% before and 3.8 ± 1.0% after pericardiotomy. Enddiastolic RVP increased 1.0 ± 0.4 and 1.6 ± 0.4 mm Hg, respectively.
End-diastolic MCL of the interventricular septum and the free wall of the left ventricle fell during constriction of the pulmonary artery by 1.0 ± 0.4 and 1.4 + 0.7% before, and by 1.9 ± 0.8 and 2.0 ± 0.8% (respectively) after pericardiotomy.
Data obtained both with closed and open pericardium are included in Table 3 : right ventricular end-diastolic MCL increased in all experiments and averaged 2.6 ± 0.6%, whereas end-diastolic MCL of the interventricular septum and the free wall of the left ventricle were reduced by 1.5 ± 0.5 and 1.7 ± 0.5%, respectively. In Friedman's test, the rank sums for the responses in the interventricular septum and the free wall of the left ventricle were similar and significantly different from the rank sum for the free wall of the right ventricle. The reduction in end-diastolic MCL in the interventricular septum and the free wall of the left ventricle during pulmonary artery constriction were associated with reductions in MS.
Discussion
This study on open-chest dogs with intact circulation indicates that blood volume expansion and pericardiotomy expand the ventricles uniformly, and that the interventricular septum behaves as a part of the left ventricle during aortic and pulmonary artery constriction. The responses to aortic and pulmonary artery constriction were similar whether the pericardium was open or closed.
In our study, the measurements of the interventricular septum were performed along the long axis of the heart. Insertion of the crystals into the interventricular septum is, with the present technique, Table 1 . periment shows that the interventricular septum expands almost equally in both directions when venous return is increased. In the free wall of the left ventricle, a transverse rather than a longitudinal recording was chosen because changes in MS and end-diastolic MCL in this position during variations in venous return have been found to be highly correlated with changes in stroke volume (Lekven et al., 1972) . Changes in end-diastolic MCL and MS are, however, qualitatively Bimilar in the transverse and longitudinal directions of the free ventricular walls, as expected from the organization of the muscle layers.
Blood Volume Expansion
During saline infusion there was a uniform increase in end-diastolic MCL in the interventricular septum and in the free walls both of the right and left ventricle. Similar rank sums for the three sites of measurement indicate according to Friedman's test that no significant differences would have been detected even if the number of experiments had been doubled. In our study, the increase in enddiastolic MCL of the interventricular septum could not be accounted for by a change in transmural pressure across the interventricular septum which remained unaltered during blood volume expansion. On the other hand, in the free walls of the ventricles, a rise in transmural pressure probably is the main stimulus to increased end-diastolic MCL. End-diastolic pressure rose equally in the right and left ventricles during blood volume expansion. According to Holt et al. (1960) , most of the increase in enddiastolic pressures may be caused by the restraining effect of the pericardium. However, despite this restraining effect, our study indicates that the myocardium expands in a uniform fashion, whether or not the myocardium is in direct contact with the pericardium. Stretching of the interventricular septum during blood volume expansion may be regarded as a consequence of the uniform increase in size of the ventricular cavities. One might imagine that tension first increases in the free walls of the ventricles and then elicits stretching of the interventricular septum until the myocardial tension is distributed evenly among all parts of the myocardium.
Increments in end-diastolic MCL and MS in the free left ventricular wall during volume loading are closely correlated to increments in stroke volume (Lekven et al., 1972; Ilebekk and Kiil, 1979) . In our study, the increase in end-diastoh'c MCL was both in the interventricular septum and the free left ventricular wall associated with a rise in MS. These results indicate that the Frank-Starling mechanism is activated also in the interventricular septum during blood volume expansion.
Pericardiotomy
A previous study showed that end-diastolic MCL of the free walls of the right and left ventricles increased significantly more after reopening a sutured pericardium than after opening an intact pericardium in blood volume-expanded dogs (Stokland et al., 1980) . In the present study, too, the largest increase in end-diastolic MCL was found by opening a sutured pericardium, but the number of experiments was too small to obtain significant differences. However, opening of both an intact and a sutured pericardium during blood volume expansion was associated with a rise in end-diastoh'c MCL in the interventricular septum and the free walls of the ventricles. The increase in end-diastolic MCL was uniform, as apparent from Friedman's test, and the increase in MS was as large in the interventricular septum as in the free wall of the left ventricle, although the interventricular septum is without direct contact with the pericardium. End-systolic MCL increased also, as during blood volume expansion. Therefore, the rise in MS was not due to an increase in inotropy, but signified increased activation of the Frank-Starling mechanism (Ilebekk and Kiil, 1979) .
Aortic Constriction with and without Pericardium
A rise in end-diastolic MCL of the interventricular septum and the free wall of the left ventricle and a reduction in end-diastolic MCL of the free wall of the right ventricle indicate that the inter- VOL. 49, No. 1, JULY 1981 ventricular septum dynamically behaves as a part of the left ventricle during aortic constriction. Another significant observation is that we found similar responses to aortic constriction before and after pericardiotomy. Hence, the pericardium did not exert a restraining effect during elevation of LVP by 60 mm Hg, whether the pericardium was intact or sutured. The latter procedure would, if anything, increase the restraining effect of the pericardium. Berglund et al. (1955) suggested that the pericardium restrained the expansion of the right ventricle during dilation of the left ventricle and thus altered the right ventricular function curves; by this mechanism, stroke volume might be reduced and the right ventricular blood pressure and volume held at lower levels than would be the case if the restraining influence of the pericardium were not present. Their study was performed at extremely high pressures; left atrial pressure was raised up to 40 mm Hg, whereas in our study end-diastolic LVP was raised to less than 10 mm Hg. However, even in the completely expanded dog, the restraining effect of the pericardium may be small during aortic constriction. The reason is that the left ventricle cannot be expanded further by aortic constriction, and the right ventricle and atrium may be reduced in size as the stroke volume falls. The conclusion that the pericardium does not basically alter the response to aortic constriction is in accordance with findings of Kenner and Wood (1966) . They obstructed the left ventricular outflow with a balloon in the thoracic aorta of dogs and found no increase in pericardial pressure, even when systolic LVP was raised to about 230 mm Hg and end-diastolic LVP to about 12 mm Hg.
Pulmonary Artery Constriction with and without Pericardium
A second line of evidence for the hypothesis that the interventricular septum dynamically behaves as a part of the left ventricle was provided by constricting the pulmonary artery. End-diastolic MCL was reduced both in the interventricular septum and in the free wall of the left ventricle, whereas the end-diastolic MCL of the right ventricle increased. Similar results were obtained before and after pericardiotomy, although the degree of pulmonary artery constriction for technical reasons was much less before than after pericardiotomy. An absence of a restraining effect of the pericardium is also apparent from the study of Kenner and Wood (1966) who, by a catheter-tip balloon, increased systolic RVP by 30^35 mm Hg without changing pericardial pressure. In contrast, Tyberg et al. (1978) found indirect evidence for a rise in pericardial pressure during pulmonary artery constriction, but in their study end-diastolic LVP had been raised to about 30 mm Hg by blood transfusion.
Whether the pericardium exerts a restraining effect depends on the changes in heart volume.
During pulmonary artery constriction, a reduction in volume of the left atrium and ventricle may compensate for the increase in size of the right ventricle and atrium so that there is little or no rise in pericardial pressure. Under these experimental conditions, the response to pulmonary artery constriction is similar before and after pericardiotomy, and the pericardium does not influence the functional coupling between the right and left ventricle. However, under other conditions of selective loading, the increase in volume of the right part of the heart may be larger than the reduction in volume of the left part, and pericardial pressure would rise.
' No previous direct measurements of cyclic changes in the interventricular septum have been undertaken, and only limited conclusions concerning changes in myocardial fiber length can be drawn from studies using other techniques. A controversial issue has been whether a change in the end-diastolic pressure difference across the septum during pulmonary artery constriction may lead to displacement of the interventricular septum into the left ventricle and thus interfere with the pump function of the heart. In acute studies, loading of one ventricle separately may greatly influence the compliance of the other ventricle and its emptying capacity (Taylor et aL, 1967; Elzinga et al., 1974) , but the relevance of these studies to physiological conditions is uncertain. Bemis et al. (1974) found a shift in the interventricular septum toward the left ventricle when the filling of the right ventricle was augmented in isolated supported dog hearts. Tyberg et al. (1978) showed that the right ventricular septal to free wall diameter increased during constriction of the pulmonary artery in dogs. In an echocardiographic study in dogs subjected to pulmonary artery constriction, Tanaka et al. (1980) observed bulging of the interventricular septum toward the left ventricle when a negative interventricular pressure difference between the left and right ventricle was established during diastole.
In our study, the end-diastolic pressure difference across the interventricular septum was also reversed in some of the experiments during pulmonary artery constriction, the average pressure difference being zero (Table 3) . Nevertheless, similar reductions in end-diastolic MCL in the interventricular septum and the free wall of the left ventricle, together with a rise in end-diastolic MCL in the free wall of the right ventricle, indicate that the function of the interventricular septum is related more to the left than to the right ventricle. However, this may not be the case under all experimental and pathophysiological conditions. An important reservation is that the interventricular septum and the free wall of the left ventricle may dissociate in dynamic behavior when the right ventricle is greatly expanded in end-diastole because of substantial shunting of blood to the right ventricle as in hearts with septal defects.
